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Abstract: We examine the usefulness of the unitarity conditions in Left-Right symmetric 
model which can translate into giving a stronger constraint on the model parameters to¬ 
gether with the criteria derived from vacuum stability and perturbativity. In this light, we 
demonstrate the bounds on the masses of the physical scalars present in the model and find 
the scenario where multiple scalar modes are in the reach of Large Hadron Collider. We also 
analyse the additional conditions that can come from charge breaking minima in this context. 
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1. Introduction 

The Large Hadron Collider (LHC) has seen some early success in discovering the last missing 
piece of the Standard Model (SM) of the particle physics, the Higgs boson [1,2]. Nonetheless, 
there is no substantial evidence yet from physics beyond the Standard Model (BSM) at the 
LHC, which essentially pushes the scale of new physics to higher values. On the other hand, 
it is widely acknowledged that the SM is a low energy effective theory [3] which falls short 
to explain several theoretical as well as experimental conundrum, such as, neutrino mass 
generation, presence of viable dark matter candidate etc. 

Left-Right symmetric models (LRSM) [4-7] and its extensions are very appealing as BSM 
scenarios. These models are advocated for their capability to address the origin of Parity 
violation in the weak interactions from the spontaneous breaking of Parity which occurs 
at the higher energies beyond which Parity is an exact symmetry [7]. LRSMs also predict 
the presence of heavy right handed neutrinos explaining the generation of minuscule light 
neutrino masses by virtue of the seesaw mechanism [8,9]. Remarkably, it is also possible 
to realise gauge coupling unification in the non-super symmetric GUTs where LRSMs ap¬ 
pear as low energy effective theory [10]. LRSMs possess extra scalar fields together with 
the SM Higgs and rather complicated scalar potential emerges consisting of many quartic 
couplings. While some of these couplings can be related directly to the heavy scalar (neutral 
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or charged) masses, other couplings contribute in generating the mass splitting among them. 
These quartic couplings can be constrained by imposing theoretical conditions from vacuum 
stability, perturbativity, as well as, from the unitarity of scattering amplitudes of longitudinal 
gauge boson modes. Vacuum stability typically restricts the quartic couplings from below, 
indicating the lower limit, whereas perturbativity and unitarity constrain them from above. 
Unitarity constraint was first analysed by Lee, Quigg and Thacker (LQT) [11] for the SM, 
where they have examined two-body scattering amplitudes involving Higgs boson and also 
longitudinal gauge bosons (Vl). Since we are interested in the high energy behaviour of the 
scattering amplitudes, it is possible to use unphysical scalars instead of Vls owing to the 
famous equivalence theorem^. 

To construct a successfully broken electroweak theory at the low energy, one requires 
to ensure that the SM-like vacuum is indeed the lowest one. To put it another way, if for 
certain combination of quartic couplings the potential has a minimum where the charged fields 
acquire vacuum expectation values then that coupling combination should be restricted. Thus 
the analysis of charge breaking (CB) minima in principle can put constraints on the scalar 
quartic couplings. It was first introduced by Frere et.al [13] for supersymmetric theories. In 
the case of two Higgs doublet model, it has been shown [14] that the global minima from 
the tree-level potential is always charge and CP conserving and thus the question of further 
tunneling into a deeper undesirable minima does not arise here. One can analyse the aspect 
of possible CB minima and find the constraints by restricting them in a given model using 
the formalism described in [14,15]. 

Owing to its extended scalar sector as well as the right handed gauge sector, the LRSM 
offers some interesting phenomenological signatures and they were studied in the context 
of Large Hadron Collider. One of the widely studied signal of this model is the so called 
‘golden channel’ with characteristic same sign dilepton (SSDL) production along with two 
associate jets through Wr and right handed neutrino productions. Production of heavy 
doubly charged scalar can also produce SSDL signals. There are several other manifestations 
of LR symmetry that can show up in colliders as signatures of TeV scale seesaw, lepton 
flavour violating processes etc. For some of the recent studies regarding LRSM model at the 
LHC see [16-25]. Undoubtedly, theoretical bounds can have the ability to restrict the model 
parameters and thus it affects such extensive phenomenological analysis. This is the primary 
motivation for the study of the theoretical bounds more precisely. Using the Run-I LHC 
data at center of mass energy y/s = 7 and 8 TeV, the CMS and ATLAS collaborations have 
already set some strong bound on different particles of LR symmetric model. We summarise 
these bounds in table 

In this article we have considered LRSM constructed with bi-doublet and triplet scalars 
(LRT) [4-7]. Constraints on the scalar sector of this model from vacuum stability and 
perturbativity was discussed in [32, 33]. In this work we would like to further constrain 
these quartic couplings of this model by imposing unitarity and also demanding that the CB 
minima is not the global one. We find that unitarity is by far the most stringent constraint 
on the upper limit of the quartic couplings. This, in turn, sets the upper limits of masses for 
^For a pedagogical introduction of equivalence theorem, see [12]. 
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Charged heavy gauge boson 
(TeV) 

Doubly charged scalar 
(GeV) 

Heavy neutrino 
(GeV) 

2.8 [26,27] 

445 [28] (409 [29]) 

708 [30,31] 


Table 1: Bounds on different mass scales in Left-Right Symmetric Model from y/s = 7 and 8 TeV 
Run-I LHC data. 


physical scalar states, and on the other hand vacuum stability restricts masses from below. 
Using both of these constraints we have analysed and confined the physical scalar masses for 
this model. 

This paper is organised as follows. In section]^ we briefly describe the model emphasising 
the extended scalar sector and necessary mass relations with the quartic couplings. We 
thereafter discuss the calculation in section ^ and categorise the effect of unitarity in this 
model. Constraints on couplings as a function of LR symmetry breaking scale are also 
discussed here. Physical scalar masses being more relevant parameters in the search for BSM, 
we look into the effect of such constraints on them. Allowed mass ranges under unitarity 
constraints together with other restrictions coming from vacuum stability and perturbativity 
are demonstrated in section In a further investigation we explore the effect of charge 
breaking minima in this model. We demonstrate the methodology and final set of conditions 
in section Additional exhaustive details of the results are further supplemented at the 
appendix. Finally, in section |6| we summarise and conclude. 

2. Left-Right Symmetric Standard Model with Triplet Scalars 

The Left-Right symmetric models are gauge extension of the SM where an extra SU(2)ji 
gauge group has been augmented to the SM gauge group to incorporate Left-Right symmetry. 
The full gauge group is SU{3) (g) SU{2)l (g) 5C/(2)ij (g) U{1)b-l- After spontaneous breaking, 
SU{2)ii (g) U{1)b-l will break to U{1)y giving rise to SM gauge group. The scalar sector 
contains one left handed triplet (A^), one right handed triplet (A/j) along with a bi-doublet 
(<I>), which, in component form, can be written as: 


Al,r = 


- ^l,r 


^l.r/^1% 


^L,R 


Vacuum expectation values for these fields are given by: 

0 o\ 


w = 



(Al) = 


VL 0 


$ = 


(A/j) = 


0 0 
VR 0 


( 2 . 1 ) 


( 2 . 2 ) 


The Left-Right symmetry is broken to the SM at the vr scale. Breaking of electroweak 
symmetry to [/(l)em was triggered by^ vi,V 2 and vr- The most general form of LRT scalar 

is worth mentioning that the vev of Al{{5^) = vl) affects tree level p parameter [34] and hence it is 
constrained to be vl < 2.5 GeV. 
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potential is discussed extensively in [9, 35, 36] and for our analysis we use the form of the 
potential given in [36]. The potential is written in appendix containts fifteen quartic 
couplings. The minimization condition of the potential yields the vev-seesaw relation i.e., 

Ai 4 U^ + A 13 U 1 U 2 + A 15 U 2 = ( 2 A 5 — \7)vlvr , (2.3) 

which must be satisfied for successful breaking of the LR symmetry. It was discussed [36] in 
detail how the three quartic couplings viz. A 13 , A 14 and A 15 can be set to zero along with the 
vev of Al. It is interesting to note that beside satisfying the vev-seesaw relation, this choice 
of parameters comes with additional benefit of considerably reduced degree of fine tuning in 
the model as compared to one with non-zero parameters [37]. In addition, we consider that 
V 2 = 0. As far as the physical scalars are concerned, this model contains twenty real scalar 
fields which finally give rise to two doubly charged, two singly charged, four neutral CP even 
and two neutral CP odd massive scalars. Lightest of these neutral CP even scalar (77 q), is 
assigned as Standard Model Higgs. We set this mass at 125 GeV for our present calculation. 
However, all other heavy scalars are associated with a much heavier scale vr and squeezed 
to that mass scale. The leading order terms for scalar masses [38,39] are. 


M^o^2AiU 4, (2.4a) 

M‘fjo ^ M^± ~ ^Ai2 v%, (2.4b) 

M^jo ~ 2A5u|, (2-4c) 

Ml, c. Ml, c. i(A 7 - 2 A 5 ) (2.4d) 

M^±±~2A6u|. (2.4e) 

^2 


Note that, in the expression of heavy scalar masses, quartic couplings Ai, A 5 , Ag, A 7 , and 
Ai 2 comes with the common heavy state mass scale vr. All other quartic couplings contribute 
in sub-leading effect to these heavier masses with a factor proportional to the EW vev, vi. 

3. Unitarity Constraints 

Any scattering amplitude can be written as an infinite sum of partial waves, in the form, 

00 

A4(0) = Idvr a/(2/-|-1) P;(cos 0), (3.1) 

1=0 

where ai is the scattering amplitude of order I, 9 is the scattering angle and Pi{cos9) is 
/th-order Legendre polynomial. In SM, by analysing the two-body scattering between longi¬ 
tudinal gauge bosons and Higgs it was shown in the seminal paper by LQT [11] that unitarity 
of S-matrix constrains the zeroth partial wave amplitude as, jao] < 1 which in turn restricts 
the Higgs quartic coupling and therefore constrains the Higgs mass from the above. Eventu¬ 
ally the unitarity constraint can be recast as, 

\M\ < Svr, 
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(3.2) 


Charge(g) 

0 

1 

2 

3 

4 

Number of states 
(general) 

-(-+1) +s^ + cf 

s{n + d) 

nd + 

sd 

d{d+l) 

2 

Number of states 
(LRT Model) 

56 

40 

26 

8 

3 

Independent constraints 

29 

14 

16 

3 

2 


Table 2: Number of all possible g-charged 2-particle states constructed from n neutral, s singly 
charged and d doubly charged fields. The second row gives a generic result whereas the third row is 
specific to LRT model. In the fourth row we mention the number of independent eigenvalues arising 
from each q-charged 5'-matrix. 


where M is the full tree level matrix element. This method can be extended to the scenario 
where extra scalar fields are present [40-43]. Thus in the present scenario, we also consider 
the appropriate two-body channels. By virtue of equivalence theorem, in the high energy 
limit, one can use the unphysical scalars instead of original longitudinal components of the 
gauge bosons. Thus the relevant 2 —>■ 2 scatterings will get contributions from the quartic 
couplings; the contribution from trilinear couplings can safely be ignored due to the fact that 
the diagrams resulting from the trilinear couplings will have an T^^-suppression coming from 
the intermediate propagators. So we need to find the matrix elements for relevant 2 —)• 2 
processes. Accordingly an S'-matrix can be constructed by taking different two-particle states 
as rows and columns and each entry of that matrix will give the scattering amplitude between 
the corresponding 2-particle state in the row and the 2-particle state in the column. Clearly, 
the unitarity constraints (eq. manifest themselves as bounds on the eigenvalues of this 
matrix. 


In our case, the 2-particle states are made of the component fields corresponding to the 
parametrization of eq. As evident from eq. ^.l] , the model contains neutral, singly charged 
and doubly charged states. Using them we constructed all possible g-charged 2-particle states, 
where q can be anything from zero to four. If one has (n)-neutral, (s)-singly charged and 
(d)-doubly charged fields then the number of all possible 2-particle states are tabulated in 
the second row of table 0. 


In this present case of Left-Right symmetric model the values of n, s and d are 8, 4 
and 2 respectively. Hence, we computed all the respective g-charged states (as listed in the 
third row of table and composed the corresponding S'-matrix. Finally, we calculate the 
eigenvalues of these matrices and restrict them to have an upper limit of Stt (cf. [40]) to derive 
the constraint equations. One can find that some of the eigenvalues repeat itself and hence 
the independent number of unitarity constraints are fewer compared to that of total number 
of eigenvalues which has been tabulated in the fourth row of same table. Complete list of 
expressions of all the unitarity constraints and eigenvalues are provided and discussed in the 
appendix y. 

To illustrate the effect of unitarity, we follow the similar simplified prescription as in [32] 
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Figure 1: Constraints on the universal quartic coupling Xu for LR model coming from unitarity (red) 
and perturbativity (blue) bounds for multi-TeV region of Left-Right symmetry breaking scale vr. 
Also, Vr scale is heavy enough (> 10 TeV) to satisfy the constraints. Stringent bounds are coming 
from unitarity. Two different sets of heavy scalar states (Mr), viz., 5 TeV and 12 TeV are considered 
for demonstration. Charge breaking conditions discussed in section are also implied here. 

and consider the quartic couplings^ A 2 , A 3 , A 4 , Ag, Ag, Aio (=An) universal as they only con¬ 
tribute in mass splittings between the heavy scalar states. Since these couplings are not 
accessible at the collider, they can only be constrained by using vacuum stability, perturba¬ 
tivity and unitarity. While the effect of vacuum stability and perturbativity was extensively 
discussed in [32,33], here we would like to analyse the bound from unitarity of the S'-matrix 
and demonstrate combined results together. 

Using the renormalisation group evolution equations [44], we evaluate the quartic cou¬ 
plings at each scale all the way up to the Planck scale (Mpi) and impose constraints coming 
from unitarity, vacuum stability and perturbativity. We extract maximum allowed values for 
these couplings keeping all heavy scalar masses degenerate to some high scale {Mr). Low en¬ 
ergy data like Kp — Ks mass difference restricts Wr >3.5 TeV [45-48] and LHC direct search 
limit is Wr > 3 TeV [49,50]. One can easily translate these bounds to the LR symmetry 
breaking scale vr using the relation: 

(^1 + '^r) ■ (3-3) 

We have adopted vr to be heavy enough (> 10 TeV) for our analysis so that these bounds 
are easily satisfied. 

Figure |l| demonstrates both the constraints coming from unitarity (red curves), as well 
as perturbativity (blue curves) on the universal quartic coupling A^ for Left-Right symmetric 
model. Multi-TeV region of Left-Right symmetry breaking scale vr is considered. Also, two 

®To obey the charge breaking conditions, discussed in section ^ we chose vanishing An and it remains so 
even during the RG evolution. 
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VFi = 30TeV VFi = 100TeV 


Figure 2: Allowed mass range for four sets of heavy scalar states (Mx) after imposing all constraints 
coming from vacuum stability, unitarity, as well as perturbativity at each scale all the way up to 
Planck scale {Mpi). Two different sets of Left-Right symmetry breaking scale vp is considered, which 
are 30 TeV and 100 TeV. The bound Mpo > 10 TeV has also been taken into account. Here Xu is 
set to the value 0.01 which is much below the unitarity bound and this is evident from the figure |^. 
Inset shows how one set of heavy scalar mass (e.g., Mpo) is constrained from vacuum stability (red) 
and unitarity (black) bounds over a continuous range of vp. 


different sets of heavy scalar states (Mh), assuming heavy scalar states are nearly degener¬ 
ate, are considered for presentation. Clearly, for a particular value of Left-Right symmetry 
breaking scale (vr) unitarity bounds put severe constraints on quartic couplings compared to 
that of coming from perturbativity bounds. We have implemented the perturbativity bound^ 
as |Aj| < dvr, V f E [0,15]. 


4. Constraints on Physical Scalar Masses 

In the previous section we have demonstrated the usefulness of unitarity to constrain the 
quartic coupling in the Left-Right symmetric model. Now, we turn to look some more phe¬ 
nomenologically useful aspects, in an era, when the Large Hadron Collider (LHC) is expected 
to explore new physics at multi-TeV scale. Here we use vacuum stability along with unitarity 
and perturbativity to constrain the physical scalar mass states. Vacuum stability criteria 
for this model are calculated using copositivity of symmetric matrices in [33] and combined 
conditions read as: 


Ai > 0 A A 5 A 0 A A 5 -|- Ag A 0 A 16 Ai A 5 — A ^2 — 0- (‘^•1) 


'^In [32] this bound was set to a more conservative value of unity. 


-7 ~ 













To explore the allowed mass range of physical scalars, at LR symmetry breaking scale 
(he., vr scale) we randomly vary the quartic couplings^ A 5 ,A 6 ,A 7 and A 12 in their allowed 
range® [0, dvr] and estimate the corresponding mass scales. These quartic couplings run ac¬ 
cording to their respective RGBs [44] and we ensure that the quartic couplings obey all the 
conditions coming from vacuum stability, unitarity, as well as perturbativity at each scale be¬ 
low Mpi. The input quartic couplings which obey these conditions, till Mpi, are interpreted 


as the accepted mass scale of physical scalars using eq. 


In figure § we demonstrate this allowed mass range for four sets of heavy scalar states 
listed in eq. ^ (except first one, which is actually input parameter mass) after imposing all 
constraints as described above. Below we present the detailed discussion about each of these 
sets of heavy scalars. This is demonstrated for two different LR symmetry breaking scale viz. 
30 TeV and 100 TeV and corresponding mass ranges are also tabulated in table We also 
display, in the inset of figure how one set of heavy scalar mass (e.g., M^o) is constrained 
from vacuum stability (red) and unitarity (black) over a continuous range of vp. 

From these considerations one can make following observations about the allowed mass 
range: 


• To suppress the FCNC effects the fields Lf® and should be heavy ~ 10 TeV [51- 

53]. We use this information to limit the corresponding quartic coupling A 12 from 
below at vp scale and on the other hand perturbativity restricts the coupling from 
above. This can be seen in the purple bar (left most region) where allowed mass 
range for and M^± is very narrow for small vp value. Large vp relaxes the 

perturbativity bound and larger region is allowed. This also sets an minimum allowed 
value of LR breaking scale vp coming from vacuum stability and perturbativity, which 
can also be marked from the inset plot. However, this would make sense only if FCNC 
bound is robust. Non-minimal LR model can avoid FCNC bound and few TeV scale 
Hf is allowed [54]. 

• Allowed range of M^o{= 2X^vj^) is depicted in orange/yellow band. To explain its 
behaviour we add an inset in the figure [^ where a continuous variation of M^o with 
Vp is shown. Since A 5 and A 12 are coupled through vacuum stability condition (cf. 
eq. 0 ) the minimum allowed value of A 5 is fixed at vp scale which sets the scale of 
Mpo. For fixed Mj^o (10 TeV), higher value of vp supports lower A 12 which eventually 
decreases minimum allowed value for A 5 . Maximum allowed value of A 5 is restricted 
from unitarity. As evident from the figure, M^o can be light enough he., O (TeV) for 
higher values of vp. 

• Mass of Mjr±± is defined by the quartic coupling Ag. With low initial value, this 

-^2 

coupling decreases with energy and eventually becomes negative leading to tachyonic 

®The parameter (A 7 — 2 A 5 ) sets mass scale for some scalars and instead of A 7 we randomly vary the difference 
(A 7 — 2 A 5 ) in the range [0, dvr] to ensure that no unphysical mass scale appears in the model. 

®In general quartic coupling can take any value from [—dvr, drr] but here these couplings can not be negative 
as it will lead to tachyonic states. 





Vr 



Mrr±± 

^2 


(TeV) 

(TeV) 

(TeV) 

(TeV) 

(TeV) 

30 

10 - 12 

10.5 - 16.5 

10.5 - 20 

0(0.1) - 13.5 

100 

10 - 37.5 

4.4 - 60 

33 - 78 

0(0.1) - 59 


Table 3: Allowed mass range in TeV for two different vr scale. These are approximated values 
as there will be secondary contributions which will shift masses upward by 0(100) GeV which is 
insignificant except for the lower limit of the last column. 


states. To get rid of tachyonic states the boundary value for Ae at vr scale should be 
high enough and this leads to relatively higher mass states for M^±± as shown in olive 
band. 

• The parameter (A 7 — 2 A 5 ) governs mass scale for^ , M^o, M^±, and and it 

can become very small as it is not constrained from below via vacuum stability. But 
the mass scale will shift as there are secondary contributions coming from universal 
quartic couplings and EW breaking vev vi. The cyan bar represents the allowed range 
for these scalars. In principle contribution to these scalars coming from LR breaking 
vev can be zero and in that case the secondary contribution of 0(100) GeV will set the 
mass scale. The minimum values shown in figure ^ are nothing but numerical artifact 
where the coupling is already very small (~ 10 “®). 


5. Charge Breaking Minima of Tree Level Potential 

It is believed that the present Universe is at the SM ground state where only neutral com¬ 
ponent of a doublet scalar gets a vev. Nevertheless, if a model contains multiple scalars, 
existence of charge breaking global minima is also plausible which may lead to disastrous 
results, like non-conservation® of electric charge, and massive photons. In that case, even 
if the SM minima is a local one, the catastrophe can possibly be averted provided that the 
tunneling time to a deeper charge breaking minima is larger than the age of the Universe. 

Before we begin, let us give a brief description introducing some notations. We can write 
the scalar potential in a matrix form as, 

V = A^X + X'^BX; (5.1) 

where, the column matrix A contains the quadratic part of the potential and the symmetric 
matrix B carries quartic couplings. X = {xi,X 2 ,--- ,Xn}'^ is a vector which contains the 

^Note that LEP II data yields a lower bound on the mass of which is about 55 GeV [55]. 

®In principle it is also possible that a CP breaking global minima can arise, although its not the case here 
as we have restricted all CP violating phases to zero. 
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combination of scalar fields. Using this potential, it is straightforward to get 

dV 

V' = A + BXsm where Vl = —, 

OXi 


(5.2) 


here, X is replaced by the Xsm, which is the basis vector evaluated at some SM-like potential 
minimum. Value of the potential at that minima is given by, 


VsM = Xsm = -^^sm^Xsm- 


(5.3) 


Now, if there exist another minima of the potential V, we need to find out which minima is 
the global one. Moreover, global minima should not break charge or color quantum number. 
Let us consider that Xcb be basis vector at another minima which breaks electric charge. 
The minimization condition ensures: 

dV 


dX 


A + B Xcb = 0. 


(5.4) 


= 0 ^ 

X=XcB 

The potential at that charge breaking minima, Vqb can be written in a similar fashion of 
eq. 1^ by replacing the vector Xsm by the new vector Xcb- Using the above equations one 
can easily show that the difference of potential between the charge breaking and the SM-like 
minima as, 


VCB - VsM = 


(5.5) 


Clearly, the charge breaking minima is not a global one if (Vcb — Vsm) > 0 . 

Accoutered with this general discussion, we are now in a position to compute the same 
in the Left-Right symmetric model with triplet scalars. The basis vector X in this model can 
be written as: 

/ Tr[4>t4>] \ 

Tr[$4>t] -KTr[it$] 

Tr[$4>t] - Tr[it$] 

TV [At, Ah] 

Tr[ARA„] +Ti'[At,At,] 

Tr[ARA„]-Tr[At,Ay 
TV'[At At] 

Ti'[AiAt] +Ti'[AttAtt] 

Tr[AtAt]-Tr[At,At,] 

V{Tr[i.A„4tAy +Tr[$tAt#Ay}i/7 

From the explicit form of the potential, as provided in eq. |A.1| , it is evident that A is nothing 
but a column matrix comprised of the quadratic coefficients /ij (z = 1,2,3) and is given by. 


A = 


(5.6) 


A — {—^i, 0, —^3,0,0, —^1,0,0,0,0}^ 


(5.7) 
For SM-like 


The matrix R is a symmetric matrix and is written explicitly in appendix 
minima the vev structure is given in eq. | 2 . 2 | and we have computed V at this minima as 

T 


u' = 


0,0, -zu|Aii, 0,0,0, ^(u|A7 -y Ag), 0,0,0 


(5.8) 
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As we have already mentioned that for any charge breaking minima, one simply needs 
to ensure that the difference {Vcb — I^sm) is positive to confirm that the SM-like minima is 
the global one. For illustration, if the charged scalar field of eq. ^ gets a vev vc, then 
new field vector at the CB minima is 


(v‘^ ^2 

XcB = 0 ) 


vi Vc 

V2 


which produces the differences between normal and charge breaking minima 

Vcb — VsM = ^ + -^9 ^i)- 


(5.9) 


(5.10) 


Since vr^ vi, charge breaking global minima is only possible if Ay is large negative. Simple 
assumptions like all the quartic couplings are real and positive can safeguard from any such 
problems and we chose so for our analysis. 

In principle, it is possible that more than one held directions get vev in a CB minima. 
Since there are six different charged held directions, number of n-held CB minima is (®). 
Aforementioned example of 5^"’" getting vev is 1-held CB minima. We need to consider all of 


these directions to ensure that the SM is the lowest minima. From eq. 5.5 it is evident that 


if we can ensure that elements of the column matrix V in eq. ^ are positive then for any 
CB held directions the {Vcb — Vrm) will remain positive independent of the form of the CB 
minimum, Xq'b- Hence the hnal set of conditions are. 


Ay > — 




Ag. 


(5.11) 


Since we have assumed that all the quartic couplings are positive, CB condition is readily 


satished. Also note that eq. 5.5 also implies a condition on An which can be taken care of 
by setting it equal to zero. 

One can recognise that, for some of the CB directions, it is possible that CB and SM 
minima become degenerate i.e., {Vcb — Vsm) = 0. As we have already mentioned that the 
presence of charge breaking global minima will break the electric charge conservation and 
if normal and charge breaking global minima has to coexist then the present Universe must 
choose the normal minima out of all the possibilities. After choosing the normal minima its 
not possible to tunnel to degenerate charge breaking minima as it would require an infinite 
amount of energy. However, it is worth mentioning that the radiative corrections may lift 
this degeneracy, which is beyond the scope of present study. 


6. Conclusion 

Being a very simple gauge group extension of the SM and giving a rich dividend in BSM 
phenomena, Left-Right symmetric models are phenomenologically interesting in their own 
right. The scalar sector of this model is quite rich due to the fact that an enlarged scalar sector 
is required to get a mechanism for breaking the Left-Right symmetric group to SM gauge 
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group. In the present work we analysed the scalar sector of the Left-Right symmetric standard 
model with triplet scalars in the light of various theoretical and experimental constraints. 

The scalar sector comprised of one bi-doublet, one left handed and one right handed 
triplet scalar ultimately give rise to fourteen physical scalars. Lightest among them is ex¬ 
pected to be the recently discovered Higgs boson with mass around 125 GeV. We constrain 
the masses of the other physical scalars by using the unitarity constraints. We obtain these 
constraints by evaluating the zeroth order partial wave amplitude of various 2 —)■ 2 scatter¬ 
ings. We find that for any Left-Right symmetry breaking scale, unitarity bounds put severe 
constraints on quartic couplings compared to that of coming from perturbativity. We also 
demonstrated that some of the physical scalars can have the mass in the TeV range which 
can have interesting LHC prospects. It is to be noted that the masses of these scalars are 
dependent on the Left-Right symmetry breaking scale vr and consequently obtained bounds 
are highly sensitive to this vr. 

We also discussed the charge breaking minima of the tree-level potential. We derive the 
conditions that the quartic couplings must satisfy to avoid the charge breaking minima. These 
conditions were implemented to restrict physical scalar masses and the quartic couplings. 
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A. Scalar Potential 

Full scalar potential for LRT model can be written as: 

Ar) = 

-M?|Tr[cktcI.]| -Mi|Tr[$c^t] +Tr[4>t<h]|-^i|Tr[A]^Ai] +Tr[AjjA^]| 

+ Ai|(Tr[$t^>])^| + A2|(Tr[$$t])V (^Tr[$t^>])^| + A3|Tr[$^>'f]Tr[$t^>] | 

+ A4|Tr[<I>t$] (Tr[l><I>t] + Tr[l>tck]) | + Agj (Tr[AiA[])" + (A^Atj)"| 

+ A6|Tr[AiAL] Tr[A[Ay +Tr[A^AR] Tr[A^A^ | + AyjTr[A^A]-] Tr[A^Ay| 
+ A8[AiA[]|Tr[AiA[] TV[A^Ay | + A9|TV[chtc|,] (tv[AlA 1^] +Tr[AKAy)| 

+ (Aio + i Aii)|Tr[$$t]T;v[A,jAy + Tr [A^A^] | 

+ (Aio - i Aii)|Tr[cI>t|,]Tr[ARAy + Tr [A^A^] | 
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+ Ai2|Tr[$$tA^A[] +Tr[$t$ARAy | + Ai3|Tr[$AR$tAt.] +Tr[$tAi$Ay 

+ Ai4|Tr[$AR$tAt.] + Tr[l>tAi^>Ay | + Aisjxr [$ARl>tA]^] + Tr[$tAii.Ay 

(A.l) 

where all the coupling constants are real. 

B. The Scalar Quartic Coupling Matrix 


2 Xi{x) 

2X4(0:) 

0 


^9(0;) 

0 

0 

A9 (o:) 

0 

0 

0 

2X4(0;) 2 (2A2(x) + A3(a;)) 

0 


Aio(x) + Aii(o:) 

0 

0 

Aio(o:) -+- Aii(x) 

0 

0 

0 

0 

0 

2 (2X2(0:) - 

-A3(x)) Aii(x) - Aio(o:) 

0 

0 

Aio(o;) - Aii(x) 

0 

0 

0 

Agfa:) 

Aio(o:) + Aii(o;) 

Aii(o;) - 

Aio(o;) 

2X5(0:) 

0 

0 

Xrlx) 

0 

0 

0 

0 

0 

0 


0 

2X6(0:) 

0 

0 

2 A8 (o:) 

0 

0 

0 

0 

0 


0 

0 

-2X6( 

x) 0 

0 

-2X3(0;) 

0 

Agfa;) 

Aio(o;) + Aii(o;) 

Aio(o;) - 

Aii(o;) 

Xvix) 

0 

0 

2 A5 (o:) 

0 

0 

0 

0 

0 

0 


0 

2X3(0;) 

0 

0 

2X5(0:) 

0 

0 

0 

0 

0 


0 

0 

-2Xs( 

x) 0 

0 

-2X6(0;) 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

2X12 


(a;) / 


C. Details of supplementary files 

In the supplementary material we include two mathematica files (which can be obtained 


from the URL: http://www.prl.res.in/~konar/data.html or from the source file in arXiv) 
where we spell out the details of the calculation of the unitarity constraints. In the file named 
LRT_Pot .nb we construct the 2^2 scattering matrices for all the (^-charged 2-particle states, 
mentioned in table One can also obtain the eigenvalues of those matrices by running that 
code by appropriately uncommenting some commands. We have collected all the independent 
eigenvalues of all the scattering matrices in the second file called Eigenvalue_collect .nb. 
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